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ABSTRACT
Based on constraints from Big Bang nucleosynthesis and the cosmic microwave background, the
baryon content of the high-redshift Universe can be precisely determined. However, at low redshift,
about one-third of the baryons remain unaccounted for, which poses the long-standing missing baryon
problem. The missing baryons are believed to reside in large-scale filaments in the form of warm-hot
intergalactic medium (WHIM). In this work, we employ a novel stacking approach to explore the hot
phases of the WHIM. Specifically, we utilize the 470 ks Chandra LETG data of the luminous quasar,
H 1821+643, along with previous measurements of UV absorption line systems and spectroscopic
redshift measurements of galaxies toward the quasar’s sightline. We repeatedly blueshift and stack the
X-ray spectrum of the quasar corresponding to the redshifts of the 17 absorption line systems. Thus,
we obtain a stacked spectrum with 8.0 Ms total exposure, which allows us to probe X-ray absorption
lines with unparalleled sensitivity. Based on the stacked data, we detect an OVII absorption line that
exhibits a Gaussian line profile and is statistically significant at the 3.3 σ level. Since the redshifts of
the UV absorption line systems were known a priori, this is the first definitive detection of an X-ray
absorption line originating from the WHIM. The equivalent width of the OVII line is (4.1± 1.3) mA˚,
which corresponds to an OVII column density of (1.4± 0.4)× 1015 cm−2. We constrain the absorbing
gas to have a density of nH = (1−2)×10
−6 cm−3 for a single WHIM filament. We derive Ωb(OVII) =
(0.0023 ± 0.0007) [fOVII Z/Z⊙]
−1
for the cosmological mass density of OVII, assuming that all 17
systems contribute equally.
Subject headings: cosmology: observations – galaxies: active – quasars: absorption lines – quasars:
individual (H 1821+643) – X-rays: ISM
1. INTRODUCTION
The mass density of baryons in the high-redshift Uni-
verse can be determined from Big Bang nucleosyn-
thesis and from the cosmic microwave background.
These independent methods, in agreement with each
other, have established that the cosmic baryonic mass
density is Ωb ≈ 0.0449 (e.g. Cooke et al. 2014;
Planck Collaboration et al. 2016). Similar, but slightly
lower values are obtained from Lyman-alpha (Ly-α) stud-
ies at z > 2 (e.g. Seljak et al. 2005). However, about
one-third of the baryons are unaccounted for in the
low-redshift (z < 2) universe compared to observations
and theoretical predictions (Dave´ et al. 2001; Fang et al.
2002; Smith et al. 2011; Shull et al. 2012). This discrep-
ancy exists in both individual galaxies and in the large-
scale structure universe, introducing the local and global
missing baryon problem.
According to the local missing baryon problem, the
baryon fraction of galaxy halos falls short of the cos-
mic value (Bregman 2007; Anderson & Bregman 2011;
Bogda´n et al. 2013b). The existence of hot gaseous halos
around galaxies is a fundamental prediction of all galaxy
formation models (White & Rees 1978; White & Frenk
1991; Toft et al. 2002; Crain et al. 2010) and theoreti-
cal studies suggest that reservoirs of large amounts of
hot gas in the dark matter halos of galaxies may re-
solve the local missing baryon problem. Given the mo-
mentous nature of this question, a wide range of stud-
ies have attempted to study the hot X-ray halos of
galaxies. The gaseous halos of massive spiral galaxies
were recently explored using Chandra and XMM-Newton
observations (Anderson & Bregman 2011; Bogda´n et al.
2013a,b; Anderson et al. 2016; Bogda´n et al. 2017;
Li et al. 2018). However, these observations were only
able to characterize the gaseous halos out to 60 kpc
(∼0.15 r200 )
1. Since only 1−3% of the hot gas resides
within this volume, approximately 97−99% of the gas
remains undetected.
Globally, the missing baryons are believed to be in the
form of warm-hot intergalactic medium (WHIM). The
WHIM is a low-density, shock-heated medium that is
concentrated in large-scale, filamentary structures that
follow the dark matter distribution and connect virialized
structures (e.g. White et al. 1987; Colberg et al. 2005;
Sousbie et al. 2008). Collapsed objects, such as galax-
ies, galaxy groups/clusters, contain only ∼18% of the
baryons (Persic & Salucci 1992; Shull et al. 2012), and
the dominant fraction of baryons is expected to reside in
the warm (T . 105 K) and hot (T & 105 K) phases of the
WHIM. The existence of the warm phases of the WHIM
has been confirmed by absorption studies in the UV
regime. These observations have explored the most abun-
dant ions, such as OVI, NeVIII and H I Ly-α, using var-
ious AGN sightlines (Cen et al. 2001; Danforth & Shull
1 r200 corresponds to the radius where the average matter den-
sity is ≥ 200 times the critical density of the universe.
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2005, 2008). However, the explored warm phases of the
WHIM account only for 20− 30% of the baryon content
of the universe (Shull et al. 2012). Although it is hypoth-
esized that a notable fraction of the missing baryons lie
in the hot phases of the WHIM, the conclusive observa-
tional evidence is still lacking (Bregman 2007). While
the densest and hottest parts of the WHIM have been
detected in X-ray emission studies (Werner et al. 2008;
Bulbul et al. 2016; Alvarez et al. 2018), it is expected
that the dominant fraction of the WHIM resides at low
densities (nH . 10
−5) that are not accessible by current
emission studies.
To resolve the missing baryon problem, the higher ion-
ization states of heavy elements must be studied, such
as OVII and OVIII, whose absorption transitions are at
X-ray wavelengths. X-ray absorption studies provide the
ideal framework for these investigations. Specifically, the
gaseous halos of galaxies and the large-scale WHIM can
imprint their spectral signatures (i.e. absorption lines)
on the observed spectrum of background quasars. Al-
though the robustness of this method has been demon-
strated by UV absorption studies, X-ray absorption stud-
ies are hindered by the low effective area of Chandra and
XMM-Newton gratings. For example, the Cosmic Ori-
gin Spectrograph aboard HST, which is routinely used
to detect UV absorption lines, has an effective area of
A = 2000 cm2 and a resolution of R = 20000, which
surpasses Chandra ACIS-LETG, which has A ≈ 17 cm2
and R ≈ 430 at the wavelength of the OVII line (λ =
21.6 A˚)2.
In the past few decades, several authors claim to
have detected WHIM filaments. Notably, Nicastro et al.
(2005) reported two individual OVII absorbers in the
spectrum of Mkn 421 using Chandra ACIS-LETG obser-
vations. However, these detections remain controversial.
First, the results were not reproduced with the XMM-
Newton RGS, althouggh it is also unclear if the reso-
lution of RGS is sufficient to confirm or reject the de-
tections (Williams et al. 2006). Second, Nicastro et al.
(2005) did not take into account that the detected ab-
sorption lines were obtained in a blind search, and
hence the significance of the detection may be overes-
timated (Kaastra et al. 2006). Recently, Nicastro et al.
(2018) carried out a blind search toward the sightline
of 1ES1553+113 using XMM-Newton RGS observations.
They reported two OVII absorbers and associated them
with the WHIM. However, the observed OVII equiv-
alent widths (& 10mA˚) are typical for inner galactic
halos, while OVII equivalent widths for WHIM fila-
ments are expected to be about an order of magni-
tude lower (Smith et al. 2017). In addition, weak ab-
sorption lines with a statistical significance of ∼2σ were
detected in the spectrum of H1821+643 (Mathur et al.
2003). Given the low statistical significance of these
detections (Kaastra et al. 2006), these results are not
definitive. Thus, nearly 20 years after the launch of the
current generation of X-ray telescopes, observational con-
straints on the baryon content of the hot phase of the
WHIM remain elusive.
The present study is the first in a series of papers that
aim to address the missing baryon problem using a stack-
2 These values apply to Chandra Cycle 2, when the H1821+643
observations were taken.
TABLE 1
The analyzed Chandra observations
Obs ID texp [ks] Instrument Date
2186 165.1 ACIS-LETG 2001 Jan 18
2310 163.2 ACIS-LETG 2001 Jan 21
2311 90.1 ACIS-LETG 2001 Jan 24
2418 51.8 ACIS-LETG 2001 Jan 17
ing approach. Specifically, we utilize Chandra LETG
spectra of luminous quasars along with a priori redshift
measurements of UV (Ly-α and OVI) absorption line
systems and we co-add (i.e. stack) the X-ray line forest
from each absorption line system for major X-ray metal
lines. Given the multitude of UV absorption systems in
the sightline of quasars, this method increases the effec-
tive exposure time by the number of the absorption line
systems. Thus, we can statistically probe the low-density
gas associated with the WHIM to unprecedentedly sensi-
tive limits, thereby circumventing the low effective area
of X-ray grating instruments.
We note that a similar method was used by Yao et al.
(2010), who stacked Chandra LETG spectra using the
redshifts of previously detected OVI absorption line sys-
tems. Given that simulations suggest coincidences be-
tween the presence of OVI and OVII lines (Cen 2012),
this is a promising approach. However, UV absorption
studies detect significantly fewer OVI than Ly-α ab-
sorbers. Hence, the sensitivity of this method did not re-
sult in statistically significant detections. Including Ly-α
absorbers can drastically increase the signal-to-noise ra-
tios. Since Ly-α absorption line systems may be associ-
ated with low-mass galaxies residing in low-density voids
or may be detached from galaxies entirely (Cautun et al.
2014; Rivera-Thorsen et al. 2017), it is best to utilize
follow-up optical spectroscopy of the galaxies in the field-
of-view of the background quasar. This, in turn, allows
the redshifts of the absorption line systems to be cross-
correlated with those of the galaxies. For the stack-
ing analysis, we utilize only those absorption line sys-
tems that are associated with relatively massive galaxies
(Mhalo & 3× 10
11M⊙), thereby increasing the chance of
stacking the filaments of the WHIM because the more
massive galaxies are likely to lie in filaments.
In this work, we address the missing baryon prob-
lem using Chandra ACIS-LETG observations (Table 1)
and previously detected UV absorption line systems to-
ward the sightline of H 1821+643. This X-ray lumi-
nous (FX = 9.66 × 10
−12 erg s cm−2) quasar resides at
z = 0.297, which makes it ideal to study absorption line
systems along its sightline (Bregman et al. 2015). In-
deed, the UV absorption line systems and the redshifts of
galaxies around H1821+643 were extensively studied by
Tripp et al. (1998). These authors identified 35 absorp-
tion line systems that may be associated with galaxies,
whose redshifts are used for our stacking analysis.
This paper is structured as follows. In Section 2 we
introduce the analyzed set of UV absorption lines and
we discuss the Chandra observations and their analy-
sis. In Section 3, we present the stacked spectrum of
H 1821+643 and study the detected OVII absorption
line. In Section 4, we discuss our results. Finally, a
summary is given in Section 5. For cosmological param-
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TABLE 2
The list of Ly-α absorption lines used in this study
zabs zgal R.A. Decl. M⋆ Mhalo Rvir b Rvir/b
(J2000) (J2000) [1010 M⊙] [1012 M⊙] [kpc] [kpc]
(1) (2) (3) (4) (5) (6) (7) (8) (9)
0.05704 0.05683 18 21 21.38 64 49 40.4 0.95 0.35 143.2 1911.8 0.07
0.06432 0.06553 18 16 31.37 64 43 54.6 18.20 73.07 839.4 3122.8 0.27
0.08910 0.08930 18 20 42.96 64 19 45.8 3.39 1.07 207.1 791.7 0.26
0.11152 0.11155 18 20 53.45 64 19 37.1 3.99 1.36 224.5 828.4 0.27
0.11974 0.11957 18 25 04.45 64 25 22.9 3.55 1.14 211.7 2619.2 0.08
0.12157 0.12154 18 22 02.65 64 21 39.3 1.82 0.54 165.6 154.3 1.07
0.12385 0.12258 18 23 58.19 64 26 52.3 21.38 132.25 1022.7 1863.7 0.55
0.14760 0.15039 18 21 08.73 63 52 09.0 17.38 62.07 795.1 4405.5 0.18
0.16990 0.17086 18 21 36.61 64 21 25.0 4.37 1.59 236.2 399.7 0.59
0.18049 0.18012 18 19 55.22 64 35 08.4 6.92 4.10 322.8 3443.0 0.09
0.19905 0.20057 18 22 14.04 64 03 05.4 26.92 329.44 1386.0 3357.8 0.41
0.22489 0.22560 18 21 54.40 64 20 09.3 2.40 0.70 180.3 112.5 1.60
0.24132 0.24435 18 21 56.28 64 22 50.4 3.89 1.31 221.8 495.1 0.45
0.24514 0.24568 18 22 19.11 64 18 43.5 1.10 0.38 147.1 669.6 0.22
0.25814 0.25147 18 20 31.50 64 20 24.0 4.90 1.96 253.0 2089.1 0.12
0.26156 0.26650 18 21 00.73 64 37 54.3 10.00 10.73 443.9 4032.9 0.11
0.26660 0.26669 18 22 10.26 64 17 15.6 10.47 12.25 463.8 851.8 0.54
Columns are as follows: (1) Redshift of the Ly-α absorption line system (Tripp et al. 1998); (2) Redshift of the foreground galaxy
associated with the UV absorption line taken from Tripp et al. (1998); (3) and (4) Right ascension and declination of the foreground
galaxy; (5) Stellar mass of the galaxy derived from SDSS broadband photometric data and the FAST code; (6) Halo mass of the galaxy
derived from the stellar mass and the stellar mass-halo mass relation of Behroozi et al. (2010); (7) Virial radius of the galaxy; (8) Impact
parameter of the galaxy at the redshift of the absorption line system; (9) The ratio of impact parameter and virial radius.
eters, we assume H0 = 70 km s
−1 Mpc−1, ΩM = 0.3,
and ΩΛ = 0.7, and all error bars represent 1σ uncertain-
ties.
2. DATA ANALYSIS
2.1. UV absorption line systems
Based on high-resolution UV data taken with the Hub-
ble Space Telescope, Tripp et al. (1998) studied the Ly-α
absorbers in the spectrum of H 1821+643. These au-
thors also measured spectroscopic redshifts of 154 galax-
ies in the ∼1◦ field centered on the AGN. Therefore, the
redshifts of the UV absorption line systems and the in-
tervening galaxies could be cross-correlated. Based on
this, Tripp et al. (1998) identified 35 absorption line sys-
tems that may be associated with foreground galaxies.
Since the redshifts of several Ly-α absorbers are similar,
in some cases the same foreground galaxy is assigned
to multiple absorption line systems. For the foreground
galaxies with multiple absorption line systems, we re-
tained one Ly-α absorber, whose redshift was the closest
to that of the foreground galaxy. This reduced our sam-
ple to 21 absorption line systems.
The mass distribution of galaxies is different in voids
and in filaments. Specifically, almost all massive galaxies
(with halo mass of Mhalo & 3 × 10
11 M⊙) reside in fila-
ments, while walls and voids are dominated by low-mass
(Mhalo . 3 × 10
11 M⊙) galaxies (Arago´n-Calvo et al.
2007; Hahn et al. 2007b; Cautun et al. 2014). To en-
sure that the Ly-α absorbers are associated with fila-
ments, we further filtered the foreground galaxies based
on their mass. To derive the stellar mass of the fore-
ground galaxies, we used the FAST (Fitting and As-
sessment of Synthetic Templates) code that fits stellar
population synthesis templates to broadband photome-
try data (Kriek et al. 2009). We collected SDSS pho-
tometric data in the u, g, r, i, z bands for each fore-
ground galaxy and we used the spectroscopic redshift
of the galaxies as an input. For our model, we as-
sumed solar metallicity, a Salpeter initial mass func-
tion (Salpeter 1955), and a Milky Way dust law for
the exctinction (Cardelli et al. 1989). To this end, we
only retained galaxies whose stellar mass exceeds M⋆ &
1010 M⊙, which approximately corresponds to halo mass
of Mhalo & 3 × 10
11 M⊙ according to the stellar mass–
halo mass relation of Behroozi et al. (2010).
Based on the mass selection, we find that our sample
consists of 17 absorption line systems, which are likely
associated with massive (M⋆ & 10
10 M⊙) foreground
galaxies. In Table 2 we show the redshift of the absorp-
tion line systems and the characteristics of the associ-
ated galaxies, including impact parameter (b) and virial
radius (Rvir). We emphasize that the impact parameter
of almost all foreground galaxies exceeds their virial ra-
dius, which implies that the present set of absorption line
systems probe WHIM filaments rather than the halos of
galaxies. We also note that the average Ly-α equivalent
width for our sample is ∼ 174.4mA˚. Thus, our stacking
mostly concentrates on relatively strong Ly-α absorbers.
The resolving power of the Chandra LETG is signifi-
cantly lower than that of modern UV spectrographs. As
such, the detected UV absorption lines may be spaced
so close together in redshift space that they cannot be
resolved by the LETG. This would result in stacking
the same X-ray spectrum multiple times, which could
distort our results. Therefore, a stacking study must
avoid any overlaps by filtering duplicate redshifts. We de-
fine overlapping UV absorption lines as those where the
wavelengths corresponding to their redshifts are within
δλ = 0.0125 A˚, which is equivalent with one resolution
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Fig. 1.— SDSS u-band image of the 1◦.14× 1◦.14 environment of the luminous AGN, H 1821+643, which is located at the center of the
image. The downward pointing symbols mark the positions of the 17 galaxies that are associated with Ly-α absorbers (see Tripp et al.
1998, and Section 2.1). Note that the galaxies are distributed across the entire field-of-view and are not strongly clustered. We used the
redshifts of the 17 absorption line systems to stack the Chandra ACIS-LETG spectrum of H 1821+643. Given the distant nature of the
foreground galaxies, they are not easily visible in the SDSS image. Note that the foreground galaxies are not clustered and they cover a
wide range in impact parameter in the range of b = 0.1− 4.1 Mpc (see Table 2). North is up and east is on the left of the image.
element of Chandra ACIS-LETG. For these systems, we
would compute the mean redshifts of the overlapping sys-
tems and only include this mean redshift in the stacks.
However, in our sample, we did not find overlapping red-
shifts. Therefore, we carry out our stacking analysis us-
ing the redshift of 17 Ly-α absorber. The positions of the
foreground galaxies, relative to H1821+643, are shown
in Figure 1.
2.2. Chandra observations
In this work, we analyze the Chandra ACIS-LETG ob-
servations of H 1821+643. This instrument/grating con-
figuration is ideal to search for low-energy absorption
lines. The AGN was observed in four pointings and the
total exposure time of the data is texp = 470.2ks. De-
tails about the observations are provided in Table 1. To
prepare the data for the analysis, we rely on standard
CIAO (version 4.9 and CALDB 4.7.6) software package
tools (Fruscione et al. 2006).
The main steps of the analysis are as follows. First,
we reprocessed the data using the chandra repro CIAO
tool to ensure that the most up-to-date calibration is ap-
plied. In addition, this tool creates the region masks,
extracts the spectra, and builds the corresponding re-
sponse files. In this work, we only considered the first
order dispersed spectra and we combined the±1 orders of
the grating spectra. Since H 1821+643 was observed four
times, we combined the individual observations using the
combine grating spectra CIAO tool. This resulted in
a single spectrum and the corresponding response files.
Because we stack the X-ray spectrum of H 1821+643
multiple times corresponding to the redshifts of the
UV absorption line systems, the spectra and the cor-
responding response matrix file (RMF) and ancillary
response file (ARF) must be shifted. Specifically, we
blueshifted the spectrum and the response files using
DETECTING THE MISSING BARYONS 5
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Fig. 2.— Stacked Chandra ACIS-LETG spectrum of H1821+643 around the rest-frame wavelength of the OVII ion. The spectrum is
binned at 0.0125 A˚. To construct the stacked spectrum, we blueshifted the original 470 ks spectrum 17 times corresponding to the redshift
of each of the absorption line systems (Tripp et al. 1998). The resulting spectra were then co-added. We stress that the redshifts of the
absorption line systems were known a priori. Hence, this work does not involve a blind search for metal absorption lines. The combined
exposure time of the stacked Chandra spectrum is 8.0Ms. At the rest-frame wavelength of OVII (21.6 A˚), we detect an absorption line
with a Gaussian line profile. The yellow vertical line denotes the rest-frame wavelength of OVII, red solid curve is the fitted model. The
statistical significance of the detection is 3.3σ. The corresponding equivalent width of the line is (4.1± 1.3) mA˚.
λrest = λobs(1 + z)
−1, where z is the redshift of the in-
dividual absorption lines. This, in turn, shifts the lines
to their rest-frame wavelengths, allowing us to stack the
spectra associated with different UV absorption line sys-
tems.
To stack the spectra and response files that are shifted
to the rest-frame wavelength, it is necessary to have them
on the same wavelength grid. However, the LETG wave-
length grid is non-uniform, and hence the blueshifted
spectra and response files cannot be directly co-added.
To overcome this issue, we applied two operations on the
spectra and response files: rebinning and cropping.
To rebin the data, we first defined a universal wave-
length grid, which consists of bins with uniform widths
of 0.0125 A˚. The particular choice was motivated by the
fact that this bin size corresponds to a factor of four
oversampling of the 0.05 A˚ resolution of LETG, and rep-
resents the default bin size of LETG. Therefore, the re-
binned spectra have approximately the same number of
bins as the original spectra, which means that rebinning
does not distort any of the observed spectral features.
To further confirm this, we rebinned the spectra and
the response files using different binning factors, such
as 0.025 A˚ or 0.05 A˚. We conclude that the results pre-
sented in this work are not affected in any statistically
significant way by the particular rebinning factor.
Since the relevant metal lines are in the λ = 10− 35 A˚
wavelength range, we cropped the spectra and retained
only this wavelength range. Following these steps, we
stacked the 17 blueshifted spectra and response files us-
ing combine grating spectra task.
The end result of our stacking procedure is a single co-
added blueshifted spectrum of H 1821+643. This spec-
trum was used to search for absorption lines originating
from various metal lines. Given that we stacked the spec-
trum Nabs = 17 times, the total exposure time of our
stacked spectrum is tstack = texp ×Nabs = 8.0Ms.
3. RESULTS
3.1. Spectral analysis
In this work, we aim to probe whether the Chan-
dra LETG spectrum of H 1821+643 exhibits X-ray
absorption lines originating from the most abundant
ions. Specifically, we investigate the NVI, NVII, OVII,
OVIII, Ne IX, and NeX ions, which are the most abun-
dant ions in the WHIM and the LETG bandpass. Al-
though we may also expect absorption lines at the wave-
lengths of CV and CVI, at the (redshifted) wavelength
of these lines the effective area of ACIS-LETG is about
an order of magnitude lower than that at the wavelength
of the (redshifted) OVII line. Therefore, it is virtually
impossible to probe the existence of CV and CVI absorp-
tion lines in the stacked spectrum of H 1821+643 using
6 KOVA´CS ET AL.
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Fig. 3.— Same as Figure 2, but the spectra are shown at the rest-frame wavelength of Ne IX, NeX, NVI, NVII, and OVIII ions. At the
wavelength of these metal lines, we do not detect statistically significant absorption features, but do calculate upper limits.
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ACIS-LETG observations.
Before we investigate the stacked dataset, we probe
whether the blueshifted but unstacked X-ray spectra ex-
hibit absorption lines. We find that none of the individ-
ual spectra show statistically significant absorption lines.
This implies that our stacked spectrum is not influenced
by a single absorbing system. In the next step, we study
the X-ray spectrum that was stacked based on the red-
shift of UV absorption line systems (Section 2.1).
In Figure 2, we present the stacked spectrum of
H 1821+643 in the 21.3 − 21.9 A˚ wavelength range. Vi-
sual inspection of the spectrum reveals an absorption line
feature at λ ≈ 21.60 A˚, which is consistent with the rest-
frame wavelength of the OVII ion (λOVII = 21.602 A˚).
Specifically, we detect a feature with four bins below the
continuum level, where the central and deepest bin is lo-
cated at λ ≈ 21.60 A˚. In addition, the feature exhibits
a symmetric, Gaussian profile, which is consistent with
that of absorption lines. These arguments imply that
we have detected an OVII absorption line in the stacked
spectrum of H 1821+643.
To characterize the absorption line at the wavelength
of the OVII ion and to probe the statistical significance
of this feature, we carry out spectral fitting with XSpec
(Arnaud 1996). We utilize a two component model that
consists of an absorbed power law model that represents
the continuum of the background AGN and a Gaussian
absorption line profile, which is an appropriate model
for weak lines. During the fitting procedure, the only
fixed parameter is the wavelength of the line, which was
fixed at λ = 21.602 A˚. The intrinsic line width was set
to 0 and, along with other model parameters (line nor-
malization, power law normalization, and photon index
of power law), it was a free parameter of the fit. To
determine the detection significance, we use the normal-
ization parameter of the Gaussian line profile and the
corresponding uncertainties.
The spectral fitting confirms the existence of an ab-
sorption line at λ = 21.602 A˚. Based on the XSpec fit-
ting, we establish that the statistical significance of the
absorption line is 3.3 σ. We emphasize that this detection
is not the result of a blind search. Indeed, in this work –
unlike in many previous studies – we did not employ nu-
merous redshift trials to identify a tentative absorption
line. Instead, the redshifts of the Ly-α absorption lines,
which were used to perform the stacking analysis, were
known a priori from UV studies. Therefore, the derived
3.3 σ statistical significance represents the actual confi-
dence level of the detection. To confirm that the centroid
of the line agrees with the rest-frame wavelength of the
OVII ion, we repeated the fitting procedure, but allowed
the line centroid to vary. We obtained the best-fit line
centroid of λobs = 21.593
+0.013
−0.006 A˚, which is consistent
with the wavelength of the OVII ion. Thus, for the first
time, we detect a definite OVII absorption line in the
stacked spectrum of H 1821+643.
For the OVII detection toward the sightline of
H 1821+643, we calculated the equivalent width of the
line and obtained EWOVII = (4.1± 1.3)mA˚. Given that
the source is optically thin, and thus the detected absorp-
tion line is unsaturated, we can convert EWOVII to the
column density of the OVII ion using the linear formula:
N(OVII) = 3.48× 1015 cm−2
(
EWOVII
10 mA˚
)
= (1.4± 0.4)× 1015 cm−2
(1)
where EWOVII is the rest-frame equivalent width. We
emphasize that the stacked OVII equivalent width, and
thus the column density, represent average values, ac-
cording to the definition of equivalent width (EW ≡
Fline/Fcontinuum).
In Figure 3, we present the stacked spectra at the
rest-frame wavelength of Ne IX, NeX, NVI, NVII, and
OVIII, where we highlight 0.6 A˚ regions around the ex-
pected position of these lines. The data do not reveal
the existence of prominent absorption lines at the wave-
lengths of these ions. We also carry out spectral fitting,
which confirms the non-detection of these lines in the
stacked spectrum of H 1821+643. In the absence of de-
tections, we computed 1σ upper limits on the equivalent
widths and column densities of the other major metal
lines. The results are summarized in Table 3.
3.2. Monte Carlo simulations
Based on the XSpec analysis of the stacked spectrum
of H 1821+643, we obtained a 3.3 σ detection of an ab-
sorption line at the rest-frame wavelength of the OVII
ion (Section 3). To further confirm the statistical signif-
icance of this detection, we utilize a complementary and
independent technique. Specifically, we perform Monte
Carlo simulations and assess the possibility that the de-
tection is the result of a chance coincidence.
To carry out the simulations, we mimic the observed
data by generating a set of 17 random redshifts in the
range of z = 0 − 0.297, where the upper limit corre-
sponds to the redshift of H 1821+643. Using the random
set of redshifts, we analyze the spectrum of H 1821+643
following the steps described in Section 2.2. Specifically,
we corrected for overlapping redshifts, we blueshifted the
spectra and response files to the rest-frame wavelength,
and we stacked the spectra. We fit the stacked spectrum
with XSpec following Section 3.1 and we determined the
detection significance of a potential absorption line fea-
ture at 21.602 A˚. To obtain statistically meaningful re-
sults, we generated 104 random redshift sets (each con-
taining 17 redshifts) and carried out this procedure for
every randomly generated set of spectra.
In Figure 4, we present the distribution of the statis-
tical significances of a possible line for the 104 random
redshift sets. The observed distribution is well described
with a standard normal distribution. After fitting the
randomly stacked spectra, we find that three random red-
shift sets show an absorption feature with ≥ 3.3 σ signif-
icance and four random redshift sets exhibit an emission
feature with ≥ 3.3 σ significance. Hence, the chance coin-
cidence of detecting a ≥ 3.3 σ absorption line is 3×10−4.
This result is fully consistent with the detection signifi-
cance obtained from the XSpec fitting. Thus, our Monte
Carlo simulations independently demonstrate that the
detection of the OVII absorption line in the stacked spec-
trum of H 1821+643 is at the 3.3 σ confidence level.
To probe whether the randomly stacked spectra ex-
hibit the characteristics of typical absorption or emis-
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TABLE 3
List of stacked equivalent widths and column densities with upper limits for non-detections
Metal line OVII OVIII Ne IX NeX NVI NVII
Wavelength [A˚] 21.602 18.967 13.447 12.131 28.787 24.771
Equivalent width [mA˚] 4.1± 1.3 < 0.7 < 0.7 < 0.8 < 0.6
Ion column density [1015 cm−2] 1.4± 0.4 < 0.5 < 0.6 < 2.0 < 0.3 < 0.1
Fig. 4.— The distribution of statistical significances obtained
from stacking and fitting (at λ = 21.602A˚) 104 redshift sets,
with each set including ≤ 17 overlap-corrected random redshifts.
The overplotted curve represents the standard normal distribution.
Overall, we obtain 3 random redshifts sets showing a > 3.3σ ab-
sorption line, which is consistent with the expectation.
sion lines, we visually inspected the 7 spectra that ex-
hibit a ≥ 3.3σ detection. Typically, a prototypical Gaus-
sian absorption/emission line has a symmetric profile and
the lowest/highest data points are coincident with the
rest-frame wavelength of the OVII ion. As discussed in
Section 3.1, the OVII absorption line detected in the
stacked spectrum of H 1821+643 exhibits these charac-
teristic (Figure 2). However, only one out of the seven
random spectra with ≥ 3.3σ significance, shows these
characteristics. Hence, the random occurrence rate of an
absorption/emission line with ≥ 3.3 σ statistical signifi-
cance with a Gaussian profile is 10−4. Assuming stan-
dard normal distribution, this chance coincidence corre-
sponds to a statistical significance of 3.9 σ.
3.3. Verifying the stacking method
It is necessary to verify our stacking analysis is because
individual (i.e. unstacked) spectral features are not de-
tectable, hence visual confirmation of the stacking is not
possible. To this end, we used two approaches to probe
the accuracy of our technique, while assuming an equal
contribution from individual spectral lines.
First, we confronted the single and co-added spectra
and we then examined them from bin to bin. This
demonstrates that the stacked spectrum is the sum of
the individual spectra, thereby confirming the applica-
bility of our analysis.
Second, as a more extensive approach, we repeated our
stacking analysis on simulated spectra containing unde-
tectable (i.e. low statistical significance) absorption fea-
tures, similar to the real data, and we then examined
the line detection significance of the simulated, stacked
spectra.
To simulate the observations, we used the Xspec com-
mand fakeit, which allows us to create spectra using
the model and instrumental response files of the ob-
served data. The two important parameters of the ap-
plied model, containing a power law and a Gaussian line
profile (Section 3.1) are the normalization and the wave-
length of the absorption line. We adjusted the line nor-
malization in correspondence with the detected absorp-
tion feature. According to the number of foreground sys-
tems in the sightline of H 1821+643, we defined 17 evenly
spaced redshifts within the redshift of the AGN. We then
used the corresponding wavelengths (with the OVII rest-
frame wavelength as zero-point) as the location of the
simulated absorption features. For the remaining model
parameters, we adopted the values obtained from the fit-
ting of the real unstacked data and we also used the un-
stacked value of 470ks for the exposure time. This way,
we reproduced the spectrum of H 1821+643 17 times,
each with a low statistical significance absorption feature
at one of the 17 fake wavelengths.
Because of the random nature of fakeit simulations,
the statistical significance of the stacked spectral fea-
ture is expected to follow a normal distribution. If our
stacking analysis is valid, then the distribution should
peak at ∼3 σ. To have a sufficient sample size, we re-
peated the fakeit simulation 1000 times, resulting in
17000 unstacked spectra (and 1000 stacked spectra) us-
ing the same redshift set for each run. These spectra
were then stacked and fitted following the methid given
in Sections 2.2 and 3.2. The detection significances of the
stacked spectra resulted in a normal distribution with a
mean value of−2.8σ and standard deviation of 1.1, which
implies that our stacking analysis is valid. In addition,
we also fit the unstacked spectra at the simulated wave-
lengths, which also produced a normal distribution for
the detection significances with mean value of −0.8σ and
standard deviation of 1.0, corresponding to individually
undetectable absorption lines. This verifies the suitabil-
ity of the simulated spectra.
4. DISCUSSION
4.1. Cosmological mass density
The detection of the OVII ion in the stacked spectrum
of H 1821+643 allows us to derive the cosmological mass
density of the OVII absorbers. Following the calcula-
tions carried out for UV absorption lines (e.g. Tripp et al.
2000), we express the OVII baryon density as
Ωb(OVII) =
µmpH0
ρcc
[(
O
H
)
fOVII Z/Z⊙
]−1
·
·
∑
iNi(OVII)
∆X
(2)
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Fig. 5.— The binned and stacked Chandra ACIS-LETG spectra of H 1821+643 around the wavelength of the OVII ion. The left-hand
panel shows the stacked spectrum for absorption line systems whose impact parameter is 0.1 < b < 1 Mpc, while the right-hand panel
shows the stacked spectrum obtained for systems with 1 < b < 4.4 Mpc. The detection significances are 2.9σ and 1.7σ for the low and high
impact parameter systems, respectively.
where µ = 1.3 is the mean atomic weight, mp is the
proton mass, ρc is the critical density of the universe,
(O/H) = 4.94 × 10−4 is the solar abundance of oxygen
relative to hydrogen (Asplund et al. 2009), fOVII is the
OVII ionization fraction, Z/Z⊙ is the metallicity of the
absorber,
∑
iNi(OVII) is the measured OVII column
density summed up for i = 17 absorption line systems,
and ∆X is the absorption distance interval defined by
Bahcall & Peebles (1969). Assuming that all 17 ab-
sorption line systems contribute equally, the OVII baryon
density is:
Ωb(OVII) = (0.0023± 0.0007)[Z/Z⊙ fOVII]
−1 (3)
However, if fewer than 17 systems contribute, then this
value corresponds to an upper limit. Hence the OVII
baryon density can be expressed as:
Ωb(OVII) =
i
17
(0.0023± 0.0007)[Z/Z⊙ fOVII]
−1 , (4)
where i is the number of absorbers contributing to the
signal and also where i must be more than a few be-
cause none of the individual systems are detectable (see
Section 3.1). In this formula, the major sources of un-
certainty are the unconstrained metallicity of the WHIM
and the ionization fraction of OVII.
Cosmological simulations showed that prominent fila-
ments with higher column densities have higher metal-
licities (Cen 2012). Specifically, for the column density
of NOVII = 1.4× 10
15 cm−2, the expected metallicity is
Z = 0.18+0.17
−0.09Z⊙.
Specifying the ionization fraction of different species
in the WHIM is not straightforward. Generally, ion-
ization comes from two distinct processes: collisional
ionization and photoionization. Assuming only colli-
sional ionization, OVII dominates the widest temper-
ature range of T ≈ 105.5 − 106.3K, and at lower tem-
peratures, OV has the highest ionization fraction, over-
whelming the OVI ion. However, in the low-density
WHIM, collisional ionization plays a minor role in the
formation of OV–OVIII ions at temperatures between
∼104 − 107K but may be relevant at higher tempera-
tures (T > 107K) or hydrogen densities above 10−3 cm-3
(Hellsten et al. 1998). Therefore, at temperatures rele-
vant for WHIM filaments, photoionization is the domi-
nant process. Specifically, UV radiation is responsible for
the ionization of lithium-like species (e.g. OVI), while
X-ray radiation plays a role in the ionization of helium-
like and hydrogen-like ions (e.g. OVII and OVIII). The
effect of photoionization depends strongly on the inten-
sity and the shape of the external radiation field, and the
hydrogen number density of the WHIM (e.g. Chen et al.
2003; Cen & Fang 2006; Kawahara et al. 2006). How-
ever, assuming collisional and photoionization equilib-
rium is still an oversimplification. For the OVII–O IX
ions at densities of the WHIM, the timescales required
to reach ionization equilibrium may be longer than the
Hubble time (Yoshikawa & Sasaki 2006). While general
ionization processes (i.e. collisional ionization and pho-
toionization) can be modeled by photoionization codes,
the importance of the latter effect requires hydrodynam-
ical simulations. Other hydrodynamical effects, such as
supernova feedback, gas shocks produced by AGN or star
formation activity, merging or accretion processes, and
the anisotropic temperatures occurring at sites of nonlin-
ear structure formation, may also be significant sources of
ionization and cannot be neglected. Based on hydrody-
namical simulations of Cen (2012), we assume a temper-
ature of ∼106K for a single WHIM filament in the sight-
line of H 1821+643. Considering the large parameter
space involved by the different ionizing mechanisms, we
rely on non-equilibrium simulations from Ji et al. (2005)
and results of Mathur et al. (2003) to estimate the ioniza-
tion fraction of OVII, for which we adopt fOVII = 0.75.
Using Z ≈ 0.18Z⊙ for metallicity and fOVII =
0.75 for the OVII ionization fraction with H0 =
70 km s−1 Mpc−1, and assuming that all 17 systems
contribute equally to the detected signal, we estimate
that the OVII baryon mass density is Ωb(OVII) =
0.017±0.005. Given that the cosmic baryon mass density
is Ωb = 0.045, we conclude that OVII absorbers con-
10 KOVA´CS ET AL.
102 103
Radius [kpc]
1014
1015
1016
N(
O
VI
I)
[c
m
−2
]
101 102 103
Radius [kpc]
10−8
10−7
10−6
10−5
10−4
10−3
n H
[c
m
−3
]
H 1821+643
NGC 1961
nH∼ r 3/4
nH∼ r 3/2
nH∼ r 2.8
Fig. 6.— Left: OVII column density distribution of the hot gas as a function of impact parameter. To construct this plot, we binned the
absorption line systems as a function of their impact parameter. We note that due to the fewer absorption line systems in each subsample,
we achieve weak, 1.7σ and 2.9σ, detections. Note that within statistical uncertainties the OVII column density distribution is invariant
as a function of impact parameter. Right: Density distribution of hydrogen as a function of impact parameter. To derive the hydrogen
densities we used Equation 5. For the path length we assumed 5 Mpc, which is the average width of the filaments. The gas density in the
WHIM (red empty circles) is nH≃(1−2)×10
−6 cm-3 that corresponds to an overdensity of δ≃5.3−8.9, which values are typically expected
for WHIM filaments. The black filled circles represent the measured values for massive spiral, NGC1961, fitted with black solid curve,
while black long-dashed line is extrapolation (Bogda´n et al. 2015; Anderson et al. 2016). Note that the gas density in the outer halo of a
massive spiral galaxy is about two orders of magnitude higher than that in the WHIM filaments. The green dotted-dashed line represents
the case where almost all the baryons are located within r200, while the two steepest curves – one representing a fit to simulated halo
distribution and the other representing a collisionless NFW halo – have a better agreement with our measurements (Smith et al. 2017).
tribute (37.5± 10.5)% of the total baryon content of the
Universe. This is in good agreement with recent results
from IllustrisTNG simulations, where the WHIM consti-
tutes ∼ 47% of the baryons at z = 0 (Martizzi et al.
2018).
4.2. Binning the galaxy sample
The galaxies in the vicinity of H 1821+643 exhibit a
wide range in impact parameters (b = 0.1 − 4.4Mpc),
which covers regions from the outer halos of galaxies
(∼0.1 Mpc) to the scales of the WHIM (∼4.4Mpc). To
study the OVII absorption line as a function of im-
pact parameter, we binned the absorption line systems
as a function of their impact parameter. Specifically,
we divided the absorption line systems into two subsam-
ples. The first subsample includes eight galaxies with
0.1Mpc < b < 1Mpc, while the second subsample in-
cludes nine galaxies with 1Mpc < b < 4.4Mpc. We
emphasize that the impact parameter exceeds the virial
radius for almost all foreground galaxies (Table 2), except
for two galaxies whose virial radius exceeds the impact
parameter. However, both of these galaxies have rela-
tively low halo mass (Mhalo . 7 × 10
11 M⊙), implying
that these galaxies are not likely to host extended X-ray
halos around them. Thus, both the inner and outer sub-
sample primarily probe the large-scale WHIM filaments.
Following the procedure outlined in Section 2.2, we
stack the absorption line systems in each subsample and
fit the OVII absorption line with a Gaussian absorp-
tion model as described in Section 3.1. Given the fewer
absorption line systems in the subsamples, we obtain
weak detections in the inner and outer subsamples at
the 2.9σ and 1.7σ level, respectively. We present the
spectra and the best-fit models in Figure 5. Taking
these signals as detections, we derive the OVII equiv-
alent width and column density, and obtain EWin =
(5.2 ± 1.6) mA˚ and EWout = (3.1 ± 1.8) mA˚ for the
subsamples with smaller and larger impact parameters,
respectively. These values correspond to OVII column
densities of N(OVII)in = (1.8 ± 0.6) × 10
15 cm-2 and
N(OVII)out = (1.1± 0.6)× 10
15 cm-2.
In the left-hand panel of Figure 6, we display the col-
umn density as a function of impact parameter. Within
statistical uncertainties, we find that the column density
is invariant as a function of impact parameter. While
a decreasing trend may exist, the present data is not
sufficient to better constrain the dependence of column
density as a function of impact parameter.
In the right-hand panel of Figure 6, we depict the hy-
drogen gas density distribution as a function of impact
parameter. We deduced the nH hydrogen density for the
inner and outer subsamples using:
nH =
N(OVII)
fOVII Z/Z⊙ (O/H) r
(5)
where N(OVII) is the average OVII column density of
a single WHIM filament, Z/Z⊙ ≈ 0.18 is the metal-
licity of the gas (Section 4.1), (O/H) = 4.94 × 10−4
is the solar abundance of oxygen relative to hydro-
gen (Asplund et al. 2009), fOVII = 0.75 is the ioniza-
tion fraction of OVII (Section 4.1), and r is the path
length. Given that the observed signal represents the
large-scale WHIM, we assumed r = 5 Mpc, which is the
typical width of WHIM filaments (Cautun et al. 2014).
We note that filaments have complex shape and struc-
ture, and they also vary in length and width, depend-
ing on their environment (Dolag et al. 2006). We find
that the gas density of a WHIM filament is nH ≃
(1−2)×10−6 cm-3, which corresponds to overdensities of
δ ≃ 5−9. These values are typically expected for WHIM
filaments (Hahn et al. 2007a; Arago´n-Calvo et al. 2010;
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Cautun et al. 2014). Thus, our detections are consistent
with a picture in which the observed absorption lines
originate from large-scale WHIM filaments.
In the right-hand panel of Figure 6, we also show
the gas density profile for the massive spiral galaxy,
NGC1961. Emission studies have explored the gas den-
sity profile to about 60 kpc radius around the galaxy (the
CGM), which corresponds to about ∼15% of the virial
radius (Bogda´n et al. 2015; Anderson et al. 2016). Com-
bining these data with our absorption line study allows
us to construct, for the first time, a gas density pro-
file that simultaneously explores the outer scales of the
CGM and the WHIM. We also adopted and display three
model curves from Smith et al. (2017)3. The steepest
curve (nH ∼ r
−2.8) represents a Navarro–Frenk–White
(NFW) halo, assuming collisionless particles. The curve
with the lowest slope (nH ∼ r
−3/4) models a mass dis-
tribution where most of the baryons reside within r200.
Finally, the nH ∼ r
−3/2 curve is fitted to a simulated
galactic halo distribution. When comparing the obser-
vations, we find that the average density of the WHIM
filaments is about two orders of magnitude lower and is
also significantly lower than predicted from the extrapo-
lated density profile established for NGC1961. A better
agreement is obtained with the nH ∼ r
−2.8 or nH ∼ r
−3/2
curves, within the statistical uncertainties. Although this
measurement is insufficient to determine an exact model
for circumgalactic regions, it excludes predictions with
higher densities.
5. CONCLUSIONS
In this work we report the detection of OVII ion ab-
sorption from intervening absorption line systems along
the sightline of the X-ray bright AGN, H1821+643. Our
results can be summarized as follows:
• We utilize 470 ks Chandra ACIS-LETG observa-
tions of H 1821+643 and we stack the data accord-
ing to the redshifts of 17 previously detected UV
absorption line systems. The equivalent exposure
time of the data is 8.0Ms, which allows us to probe
unprecedentedly low column densities.
• After blueshifting and stacking the spectrum, we
detect an absorption line with 3.3 σ statistical sig-
nificance at the wavelength of the OVII ion. Monte
Carlo random simulations suggest that the likeli-
hood of chance coincidence is 7 × 10−4, which is
consistent with the detection significance measured
through XSpec fitting.
• We find that the equivalent width of the stacked
OVII line is (4.1± 1.3) mA˚ and the corresponding
OVII column density is (1.4 ± 0.4) × 1015 cm−2.
These values represent an average WHIM filament
in the sightline of H 1821+643.
• We do not detect absorption lines at the wavelength
of other major helium-like or hydrogen-like ions,
such as Ne IX, NeX, NVI, and NVII, which was
expected for these weaker lines.
• Based on the stacked data, we address the
global missing baryon problem and compute the
OVII cosmological mass density of Ωb(OVII) =
(0.0023±0.0007)[Z/Z⊙fOVII]
−1, assuming that all
17 systems contribute equally. We find that miss-
ing baryons likely reside in the form of tenuous hot
gas in the WHIM.
• We establish the OVII column density and hydro-
gen density profile of the hot gas, and we con-
strain the absorbing gas to have an overdensity of
δ ≃ 5 − 9, which is typically expected for WHIM
filaments.
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